Biological valves are employed for aortic valve substitution since a long time but there is a growing effort toward the development of new engineered tissues, in which the complex mechanical response of native leaflets is replicated using composite materials consisting of a soft matrix with embedded reinforcing fibers. The main goal of the present study is to investigate the influence that variations on fiber orientation and matrix stiffness may have on valve dynamics. To this aim a Fluid-Structure Interaction (FSI) model of a trileaflet valve was implemented in which the opening phase was simulated and leaflet matrix stiffness and fiber orientation were varied in the framework of an anisotropic hyperelastic strain energy function. Results show that both parameters may affect significantly transvalvular pressure gradient and effective orifice area (EOA). For the opening phase of the valve examined less favourable flow conditions were found when preferred fiber orientation is circumferential, due to lower maximum EOA achievable. Such configuration in combination with stiffer matrix may result in significant degradation of valve performances. Overall fiber orientation can potentially be taylored to optimize valve dynamics, provided also structural aspects that may be prominent in the closure phase, are considered.
Introduction
Prosthetic heart valves with trileaflet configuration provide an alternative to mechanical heart valve for aortic valve replacements, mimicking valve native geometry to improve hemodynamic performances. Many types of trileaflet valves are currently available commercially or as laboratory prototypes under investigations. Upon a structural and functional point of view, valve performances and leaflet stress and strain state are primarily governed by the design solutions adopted. Basically these may differ for presence and type of a supporting stent, leaflet shape and dimensions and leaflet/stent attachment technique. 1 Quite obviously valve performances are also highly influenced by the choice of different types of biological or tissue engineered leaflets. These may exhibit different degrees of stiffness and anisotropy that could possibly be regarded as design parameters to optimize valve performances.
As an example one of the most relevant type of biological heart valves (BHV) is the pericardial valve, in which leaflets made from preserved bovine pericardial tissue are mounted on a supporting frame, after fixation treatments. Mechanical properties of chemically treated bovine pericardium (BP) such as tissue extensibility (i.e. strain level at which the tissue stiffness change) and degree of anisotropy (i.e. differences in stress-strain response parallel or perpendicular to a preferred fiber directions) are governed by local collagen fiber architecture and chemical treatment procedures. 2, 3 In particular stressstrain curves of BP could be altered by application of uniaxial or biaxial strains during the fixation process or by the type of chemical treatment. 3, 4 It has been suggested that modulating tissue anisotropy and extensibility could help achieving design objectives, such as enhancing leaflet coaptation, although, at present there is no evidence that pericardial heart valves are constructed to accommodate or take advantage of specific leaflet properties. On the other hand there is a growing effort toward the development of tissue engineered valves and several examples can be found in literature. 5, 6 Biological or synthetic tissue can now be engineered in which the complex mechanical response of native tissues is replicated using composite materials consisting of a soft matrix with embedded reinforcing fibers along selected directions, potentially providing an opportunity to taylor leaflet properties to optimize valve response. The above considerations motivated the present study in which the main goal is to investigate the potential influence that variations of leaflet mechanical properties may have on heart valve dynamics.
To this aim, among many different valve models available, a specific type of stented valve was selected, in which leaflet are mounted externally to a supporting stent. In order to carry out a realistic investigation on the influence of leaflet mechanical properties, the constitutive law and reference values of associated material parameters, were adopted basing on recent literature for pericardial valves in which anisotropic hyperelastic constitutive models were employed. 7, 8 In particular, the material of the leaflet is assumed as consisting of a soft matrix reinforced with fibers that (may) impart anisotropic properties to the mechanical response. These models essentially require the definition of a strain energy function that accounts for distinct contributions from matrix and reinforcement phases. By varying material parameters associated with matrix stiffness and fiber orientation the influence of each constituent could then be investigated for chosen valve geometry. Similar types of constitutive law have been used also to represent valve candidate tissues other than BP. 9 The results of the present study are thus intended as not necessarily restricted to pericardial valves but rather as applicable to materials of different nature. The complex influence of anisotropic leaflet properties on valve performances was studied considering leaflet opening dynamics in the context of FluidStructure Interaction (FSI) approach. Including fluid mechanics in a valve model allows a more realistic load transfer, with the possibility to investigate simultaneously structural and functional aspects. This is especially relevant for heart valves, in which the dynamics of blood flow affect the behavior of solid components but valve structural response may alter fluid dynamics as well.
Modeling the valvular structures along with a moving fluid volume is a challenging task, in particular for biological valves, in which thin-walled leaflet experiences large deformation within a fluid flow whose features are difficult to recreate computationally and not yet completely understood. Various types of FSI simulations of flexible aortic valves can be found in literature considering different types of valves with complete or selected portion of cardiac cycle. [10] [11] [12] [13] In the present study the author investigated valve response using the ALE (Arbitrary Lagrangian-Eulerian) method, as implemented in the commercial software Comsol Multiphysics (COMSOL AB, Stockholm, Sweden). Basically the blood flow is described by the Navier-Stokes equations, which provide a solution for the velocity field u f and pressure p f . The coupling between solid and fluid domain is provided by the total force exerted by the fluid (caused by pressure and viscous force) on the solid boundary and by how solid displacements affects the fluid's velocity. To combine the interface between the spatial frame of the fluid and the material frame of the solid, with ALE method new mesh coordinates are computed based both on the movement of the solid's boundary and mesh smoothing of the fluid. Interested reader can refer to Comsol user guide for details of implementation. 14 It should be noted that although this method is currently implemented in various commercial FEM codes of widespread use for FSI studies, its application to heart valves analyses remains difficult, especially due to high distortion of fluid mesh elements in the opening phase. Problems deriving from excessive mesh distortion were solved by taking advantage of remeshing algorithms.
Methods

Computational model
The valve under examination is a stented valve for implant in aortic position.
The model consists of a solid domain (valve) and a fluid conduct (Fig.1) . Note that only 1/6 th of the real valve was actually modelled to reduce computational effort, imposing symmetry boundary conditions on solid and fluid domain corresponding sections. Main valve dimensions (inner diameter 24.2 mm, height 14 mm) were chosen to be comparable with those of pericardial valves of this type. Leaflet shape was based on direct observations and the initial nearly closed configuration mimic the position of the leaflet in real valves before implantation. This was assumed as a stress free condition, not including any pre-stress deriving from leaflet pushing and bending operations during manufacturing. . For the opening phase valve response was simulated over a period of 0.3 s according to the law described in Fig. 1 . Blood velocity at the inlet increased up to a maximum value of 1.2 m/s in approximately 0.2 s and then decreased to zero, while keeping zero pressure boundary condition at the outlet. In the same graph the corresponding inlet flow rate is also reported. Peak flow rate is about 0.5 dm 3 /s and cardiac output is about 5.86 l/min for 71 beats/min, in very good agreement with physiological values. The solid parts were meshed using 7962 first order tetrahedral elements whereas the fluid domain was discretized with 115091 first order tetrahedral elements. To account for mesh distortion a hyperelastic algorithm for mesh smoothing was adopted, especially suitable for regions where the mesh is highly stretched. However, as already mentioned, in the opening phase mesh deformation could be so severe to compromise solution quality. A remeshing algorithm available in the software was therefore used to remesh fluid domain when element quality fall below a threshold value. To solve the time-dependent simulation a fully-coupled approach was employed, in which the multiple physics are coupled together: fluid velocity and pressure, as well as leaflet and stent motion and stress/strain, are solved at the same time. A direct solver was chosen with a damped version of Newton's methods, imposing a maximum time stepping of 0.5 ms.
Leaflet constitutive law
For the purpose of the present study a key point is the choice of constitutive law for the leaflet and the definition of fiber reinforcement directions. As anticipated leaflets properties and constitutive models were chosen taking as a reference bovine pericardial valves. For this tissue it is common to most recent quasi-static or dynamic structural analyses the adoption of nonlinear elastic constitutive model. [15] [16] [17] In some recent works 7, 8 anisotropic models of the type proposed by Holzapfel 18 , well accepted for modeling biological tissues, have been adopted for BP. In particular according to the approach implemented by Auricchio et al. 7 the tissue is considered as consisting of a matrix with two family of fibers embedded, symmetrically organized with respect to a preferred fiber direction that corresponds to the base-to-apex direction of the original pericardial sheet and to the circumferential direction for the leaflet in the assembled valve. The two fiber families are mechanically equivalent (i.e.same material parameters) and are assumed to be arranged with an angle  with respect to the preferred orientation. The strain energy function is defined as follows:
In equation (1) I 1 is the first invariant of the right Cauchy-Green deformation tensor C and I 4i a pseudo-invariant defined as:
where a 0i is a unit vector identifying the i th preferred direction. The parameter c 10 ≥0 is related to the matrix, parameters k 1i , k 2i > 0 are associated with the response of the i th collagen fiber. The values of the parameters are c 10 = 20.1 kPa, k 1 = 54.62 kPa, k 2 = 30.86, = 29.8°. Once the strain energy density is defined, the second Piola-Kirchoff stress can be computed as:
Interestingly a similar approach, but with a slightly different definition of the strain energy contributions, has been adopted also to model a newly developed polymeric valve. 9 This anisotropic strain energy formulation well suited the purpose of the present work, since by varying fiber angle  in eq. (1) different degree of anisotropy can be obtained, whereas by changing the value of coefficient c 10 the influence of matrix can be investigated. The effect of varying fiber orientations can be appreciated in Fig. 2 where equibiaxial response for the case with c 10 = 20 kPa is reported. It should be underlined that this type of constitutive law is not directly available as built-in model in Comsol Multiphysics © and it was therefore introduced in the code by means of user defined domain variables. The model is implemented in a nearly-incompressible form (bulk modulus 1.0e9 Pa), including in the definition of pseudo-invariants the constraint that fiber contribution is only active when they are stretched in tension. It should also be noted that the definition of fiber directions in the reference undeformed configuration, in which the leaflet already possessed a curved shape, required a preliminary step of analysis, taking advantage of Partial Differential Equation (PDE) modulus of the software.
Case studies
The valve was first studied in a reference configuration adopting the same material parameters reported in literature. 7 Then the following case studies were considered: Note that in following graphs fiber orientation and matrix stiffness may be indicated with a compact notation (i.e. b75_m20 means angle  = 75°, c 10 = 20 kPa)
Results
Valve leaflet dynamics and blood flow for reference configuration
Valve behavior was first examined in the reference configuration previously defined. In Fig. 3 . Such values compare very favorably with those reported for valves of similar configuration. As an example for a size 27 valve, mean systolic pressure gradient of 12.4 ± 2.4 mmHg and mean EOA of 2.36 ± 0.4 cm 2 have been reported. 20 Also the leaflets exhibit realistic modes of deformation, compared to in-vitro images. Blood flow across the valve is represented in Fig. 4 . Contour maps refer respectively to blood velocity (m/s) in the mid-leaflet symmetry section and to pressure exerted (mmHg) by the fluid on the leaflet surface. During the opening phase the progressive formation of a central jet-like flow can be clearly noticed. Blood flow at valve downstream reached a peak value of V max about 2 m/s (with some noticeable oscillation in the peak opening period), again in line with values reported for this type of valve. 22 Overall it can be concluded that in presence of a physiological cardiac flow rate, the valve operates with values of EOA, DP ave and V max in very good agreement with those reported in literature. For the purpose of this study the model could thus be used as a base to evaluate changes related to the material properties. Finally it should be mentioned that the stress state showed a maximum peak in the commissural region of approximately 0.1 MPa. Since this value is lower that those typically reported for the closure phase and did not vary significantly for the case studies considered, results were not reported. 
Case study A
For the case study A the fiber orientation is the same as the reference model (i.e.  = 30°) and matrix stiffness is modified by changing the value of parameter c 10 in the range 10-200 kPa. DP ave and EOA are reported as a function of time in Fig. 5(a,b) . The influence of matrix stiffening is quite apparent since in the worst case scenario, when a value of 200 kPa is assumed for c 10 , DP ave may increase up to 20 mmHg and EOA may decrease down to 2.10 cm 2 . Matrix stiffness also clearly influence opening times and dynamics. For low matrix stiffness (10-20 kPa) the valve reaches a fully open configuration in about 0.05 -0.075 s and then exhibits a sort of rebound before reaching again a maximum, as a result of leaflet higher flexibility. On the contrary for higher matrix stiffness valve opening is slower and more progressive. Note that opening times reported in literature are quite variable, depending on measurement conditions or modeling assumptions. Present values are similar to those reported by Ranga et al. 12 as physiological, but comparatively higher than those reported in other studies (typically about 0.02 s). 16, 19, 23 Considering now time t = 0.215 s as a reference time for valve comparison in a fully open condition, in Fig 5 (c,d ) the distribution of pressure and velocity as a function of z-axis coordinate along the centerline of the conduct can be appreciated.
Results show that locally the transvalvular pressure gradient across the valve (i.e. pressure difference between leaflet ventricular and aortic surfaces) is rather steep and pressure applied at different valve heights from the annulus plane (located at z = 0 m) changes significantly. By increasing matrix stiffness also the slope of transvalvular pressure curve increased. Considering instead peak velocity, blood flow at valve downstream ranges between about 1.75 m/s for low matrix stiffness and average values up to 2.5 m/s for stiffer matrix, in which case also noticeable oscillation can be observed moving toward the outlet section. 
Case study B
DP ave , EOA are reported as a function of time in Fig. 6 (a,b) for the case study B, in which the orientation of the two fiber families is varied with respect to the circumferential direction of the valve, while keeping the same matrix stiffness as reference model (i.e. c 10 = 20 kPa).
In the first phase of the opening process the influence of fiber orientation is initially modest: opening times appear to be controlled by the chosen matrix stiffness rather than fiber directions. On the contrary, once the valve is open fiber orientation has a major influence on peak value of both DP ave , EOA. Valve configurations having fiber more aligned towards the radial direction (i.e higher values of  angle) exhibit EOA up to 3.7 cm 2 and correspondingly operates with lower pressure gradients. Similar considerations apply considering again results at time t = 0.215 s along the conduct, reported in Fig. 6(c,d) . Decreasing stiffness in the circumferential direction leads to significantly diminution of V max and DP inout , apparently resulting, at least for the opening phase, in effects similar to a matrix stiffness decrease. Basing on this result, it can be concluded that once the valve is open, the maximum EOA potentially achievable is controlled by the stiffness in the circumferential direction. 
Case study C
DP ave , EOA are reported as a function of time in Fig. 7 (a,b) for the case study C, in which the orientation of the two fiber families is varied with respect to the circumferential direction of the valve, while imposing higher matrix stiffness (i.e. c 10 = 100 kPa).
Overall results present similar trends as for case B, but some important differences can be noticed. In particular, considering the influence on EOA of varying fiber angle , a limited effect can be appreciated, except for the case in which the lowest fiber angle of 15° is adopted (i.e. highest circumferential stiffness). In this case a value of EOA of about 2. 
DISCUSSION AND CONCLUSIONS
Basing on the results reported in the previous paragraph some observations should be remarked.
Influence of matrix stiffness and fiber orientation
Matrix stiffness and fiber orientation have a pronounced effect on valve functional performances, in particular considering clinically relevant indexes such EOA and transvalvular pressure gradient. The effects of fiber orientation may be amplified in presence of very soft matrix, whereas an increase of matrix stiffness may mask such effect. By varying matrix stiffness only, significant variations of performances could be observed, leading in some case to rather high pressure gradient. As a consequence these should be regarded as important design parameters to be taken into account. During the opening stage, and in particular after the initial transition from closed to open configuration, for the valve examined higher values of EOA were found the more the preferred fiber direction (i.e. with lower extensibility) was assumed radially (i.e. from stent annulus towards leaflet free edge) rather than circumferentially. Maximum achievable EOA seems to be controlled by the expansion of the leaflet on planes transversal to the axial direction, and therefore higher values of  angle are more favorable. This is however in contrast with findings reported in other investigations in which, basing on structural only analyses but including also the closure phase, it was concluded that a preferred circumferential alignment of collagen fibers could be beneficial for pericardial BHV, with particular reference to stress state. 17, 24 On the other hand Liu et al. 25 found that for a single ply fiber-reinforced composite leaflet model, an orientation of the fibers at ± 30° resulted in a minimization of the maximum principal stress in the polymer matrix and that embedding fibers perpendicular to the intersection edge to the stent would reduce the leaflet stress. For the closure phase stress state and coaptation may be effectively studied using "dry" models. Previous study on the same type of valve showed that by following the principle that fiber should be aligned with principal loading directions, complex architecture could be necessary, to account for different directions of principal stress and strain directions in the commissural region and near valve ring. 19 Furthermore by aligning the fiber "radially" the leaflet exhibited higher displacements in the axial directions, suggesting that in combination with low stiffness matrix, leaflet coaptation process may potentially be impaired. While in this sense a compromise solution could be possibly to adopt a ±45° configuration for the fiber families, overall results confirm that the optimization of leaflet properties remains a challenging task, in which it is necessary to balance contrasting effects and to consider both structural and functional aspects.
Modeling aspects
A part from sensitivity of valve performances to investigated parameters, the model provided the opportunity to consider some relevant aspects from a modeling point of view. First of all different approaches can be found in literature to reproduce the mechanical behavior of the leaflets. As an example linear elastic isotropic response has often been adopted, especially in the context of FSI investigation due to inherent complexity of the models. 10, 26 Comparative structural analyses on natural and bioprosthetic valves have already underlined the importance of considering tissue anisotropy, ideally within the framework of hyperelasticity theory to take into account large deformation behavior. 27, 28 Under this point of view the inclusion of an anisotropic hyperelastic law in a FSI model is thus a relevant point addressed by the present study. Overall results also shows that when considering functional aspects special care should be exercised when choosing constitutive models and fitting associated parameters: by varying matrix stiffness from 10 to 200 kPa, variations of EOA up to 50% could be observed. Another important aspect is that significant differences in the pressure gradients across the two sides of the valve were present for different valve heights. In particular the region near the annulus is subjected to higher pressure compared to leaflet free edge both in the initial phase and both when valve is fully open. This clearly put into evidence some limit of structural-only analysis, in which the action of the fluid is transferred to the leaflet as a spatially and temporally uniform pressure. This acts as a follower load throughout the cycle, possibly leading to underestimation of opening times and influencing deformation patterns and stress level.
Study limitations and future developments
Any model of prosthetic valve operating into a complex biological environment necessarily embodies some simplifications and limitations. From a fluid dynamics point of view, in the region of the aortic valve turbulent flow does occur, but it is still very difficult to recreate it computationally as there is very limited availability of direct turbulence measurements. Although recently LES turbulence model were adopted for investigations on BHV, 29 a laminar flow was assumed, as in some previous investigations on prosthetic valves. 10 Here the main purpose of including interaction with fluid was to create a model of the valve capable to reproduce loading conditions more realistically than structural only approach. In reality blood flows across prosthetic heart valves are extremely complex (pulsatile, borderline turbulent and transitional) and in general resolving all hemo-dynamically relevant length scales of motion under physiological conditions would require very fine mesh and massive parallel computing resources. 30 Ideally the model should also cover both opening and closure phases and in this case it could also be necessary to consider the compliance of aortic root wall and annulus. In the present work FSI simulation of the closure phase has not been included in the model, mainly due to inherently high difficulties with the ALE method, as available in the software, to cope with topological changes of fluid domain that may occur during the closure phase as a result of leaflet coaptation.
Finally the results were compared with literature findings on similar confuguration but of course a complete validation of the model would require an experimental campaign to test real valve on examined parameters. In conclusion valve hemodynamics and leaflet properties are currently tested by manufacturers, but there is a constant effort towards a continuous improvement of their performances. This is especially true for biological valves, for which not all aspects of structural response and interaction with biological environment can be considered completely understood. In this context, the present study may provide useful information for those working in the field of leaflets' material selection. In particular, results could be relevant for novel tissue engineered leaflets, in which case fiber direction and matrix stiffness can actually be tailored and tuned for specific goals.
Of course the process of designing new valves is complex and highly time/money consuming and any change to configurations currently authorized for use by regulatory bodies, must be very carefully evaluated. The influence on clinical practice of present findings should therefore be evaluated in the long period rather than as an immediate outcome. Furthermore, experimental and clinical evidences show that for BHV the degree of anisotropy and extensibility may also change considerably because of calcification processes or cyclic loading and damage models have been recently proposed to reproduce this effect 31, 32, 33 . The combination of present FSI approach with such models could help in the future to gain better understanding on the effects of such processes on performance variations and safety critical aspects during valve lifetime.
